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INTRODUCTION 
In radiography the value of each pixel is related to the material thickness 
crossed by the X-Rays. Using this relationship, a defect in an object can be located 
and furthermore characterized by parameterssuch as depth, surface and volume. 
Assuming a locally linear detector response and using some reference 
radiographies, the quantitative thickness map of the object can be obtained by 
applying offset and gain corrections. However, beam hardening and Compton 
scattering prevent to use such an elementary method because they lead to large 
errors. In this paper an approach taking account of the bias induced by these two 
phenomena is proposed. 
The process has been developed and tested for a quantitative X-Ray 
inspection of fuel rod welds [1]. 
CONTEXT OF THE STUDY 
The object to inspect is a fuel rod with a sensitive part : the circular weid 
(see Figure l.a). The acquisition system is composed of a cooled CCD camera 
optically coupled to a converter screen. The source (about 160 KV) is suitable for 
the rod's thickness of zircalloy crossed by the X-rays (see Figure l.b). As the 
inspected object presents high variations of thickness, the fuel rod is put in a 
compensator to Iimit the dynamic on the radiograph. 
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Figure 1: Context of the study. 
Assuming a locally linear detector response, the model of the radiographic 
image formation is given by the following equation : 
l1(x,y) = a(x,y).Io(x,y).e-~"·1(x,y) + h( .r.y) (1) 
where / 0 and / 1 are respectively the incident and the obserYed fiux , J.l is zircalloy's 
absorption coefficient , l(x, y) is the material thickness crossed by the X-rays at site 
(x, y), a(x, y ) and h(x, y) are characteristic of the acquisition system. h(x, y) is 
the "black" image (image obtained without incident flux) . 
On the basis of this model and t he characteristics of the acquisition system, 
the attenuated thickness is obtained by a combination of a radiograph of the fuel 
rod in the compensator and a radiograph of the compensator alone : 
As in this model J.lrod is supposed to be constant, the thickness can be 
computed. The obtained profile ( averaged profile on about 100 columns of the 
image) is presented on Figure 2.b. 
(2) 
The difference between the measured profile (Figure 2. b) and the theoretical 
profile (Figure 2.a) shows that the radiographic model must be improved by 
modeling more precisely t he X-rays and material interaction . In particular , the 
beam hardening effect and the scattering effect will be taken into account. 
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Figure 2: Combination of radiographs. 
BEAM HARDENING CORRECTION 
Firstly, our model is improved by including beam hardening : 
l2(x, y) = a(x, y).Io(x, y).e-,.(l{x,y)).l{x,y) + h(x, y) (3) 
where fJ. is now dependent on the thickness of interaction between the photans and 
the material. 
As for the elementary model, on the basis of the previous combination 
(equation (2)), the thickness l(x,y) will be obtained once the curve tJ.(l) is known. 
We propose an autocalibration of the system to build this curve. This calibration 
is realised by using a fuel rod without defect well characterized and by using the 
CAD description of the compensator. 
The fJ.( l) curve is then given by the following equation : 
tJ.(l).ltheo(x,y) = -log(h(x,y)- h(x,y)) + log(a(x, y)lo(x, y)) (4) 
From equation (4), tJ.(l) will be known as soon as the map a(x,y)l0(x,y) is 
determined. As the compensator has a largest thickness variation, we can 
extrapolate the curve f(l) = log(I2(x, y)- h(x, y)) to f(O) which corresponds to 
the value a(x,y)l0(x,y) (see figure 3.a). Here, the incident flux is supposed tobe 
stationary to compute the value a(x, y)l0(x, y). The radiographic model is tested 
by plotting the tJ.(l) variations with the compensator + fuel rod and the 
compensator alone ( see figure 3. b). 
These curves arenot superimposed, therefore our model must be more 
precise : the scattering effect will be taken into account. Let us note that this 
autocalibration scheme only uses a well known part of the compensator 
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Figure 3: Beam hardening correction. 
radiograph. The correction, on the basis of the J.l.(l) curve, is then applied to the 
whole radiograph of any fuel rod (without or with defects). The absorption 
coefficient variations computed by the calibration is used to obtain the 
quantitative map of the fuel rod with defects. 
SCATTERING CORRECTION 
The radiographic image model including beam hardening and scattering is 
characterized by the following equation : 
/3(x, y) = a(x, y) .Io(x, y).e-"(l(.r,y)).l(x,y) + h(x, y) + D(x, y) (5) 
where D(x, y) is the contribution of scattering. 
At the energy at which the radiographs are acquired {about 160 KV), the 
scatter is essentially due to the Compton effect. The scatter flux at site (x, y) on 
the detector corresponds to the sum over the whole object of the number of 
Compton photons generated at each site of the object modulated by the 
probability that such a Compton photon reaches site (x, y) (2] : 
D(x, y) = j j { P(M).Ncampton(M).dM 
JMEob] ect 
(6) 
where Ncompton(M) is the number of Compton photons generated at the point M 
and P(M) is the probability for scattered photons generated at the point M to 
reach site (x,y) (Klein and Nishina + absorption). 
Our acquisition system geometry presents a !arge air gap : only small angle 
scatter contributes to the radiographs. Therefore the scatter effect in a small 
quarter distributed around the zeroangle value can be supposed isotropic {see 
figure 4. ). Under this hypothesis and assuming that the Compton photons go 
through the same length of material than the direct photons ( small angle 
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Figure 4: Scattering probability (Klein and Nishina). 
hypothesis), the scatter map can be expressedas a convolution of cp log cp, where 1 
is the direct flux : 
D = _JJe .log(}:_) .cp * H 
JJ <Po 
(7) 
where <P(x,y) = I2(x,y)- h(x,y), cp0(x,y) = a(x,y).I0(x,y), JJe is the Compton 
absorption coefficient and H is an axial symmetrical convolution kernel (3] defined 
by: 
where lo is the air gap. 
From the equations {5) and {7) the attenuated flux in the object is 
expressed as a function of the direct flux 1/J : 
1/J = 1 - /Je .log ( }:_) .cp * H 
JJ c/Jo 
which can be written as : 
cp = F(cp) 
where 
F( cp) = 1/J + /Je . log (j:_) .cp * H 
JJ Qo 
(8) 
{9) 
(10) 
( 11) 
The direct flux 1 is obtained by solving t he equation (10) using a fixed 
point algorithm [4]. The scatter map is the difference between the attenuated flux 
and the direct flux. 
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Figure 5: Scattering correction. 
Scattering Correction Results 
The Figure 5.a presents the two curves of the absorption coefficient 
Variations obtained after scatter correction. Let us note that the curves are now 
perfectly superimposed in opposition to ttU) curves when the scattering effect is 
not considered ( see Figure 3. b ). The absorption coefficient variation curve has 
been validated with calibrated samples. On the Figures 5.b and 5.c, we can note 
that on the border of the radiographs, where the flux should be constant ( constant 
thickness), the scattering correction leads to the right configuration. 
EVALUATION 
To evaluate the improvements, our approach has been applied on a whole 
radiograph of a fuel rod weld. Figures 6.a to 6.c present the different steps of the 
improvement. From image 6.a to image 6.b, we can note that the radiograph has 
been globally sharpened by removing the scattering correction and from image 6.b 
to image 6.c, we notice a contrast increase by the beam hardening correction. The 
figures 6.d, 6.e and 6.f present the corresponding averaged profiles of the previous 
images. A similarity between the theoretical profile (Figure 2.a) and the measured 
profile after the scattering and beam hardening correction can be noted. 
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Figure 6: Object thickness map. 
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CONCLUSION AND PERSPECTIVES 
Our quantitative map construction approach leads to an enhancement of the 
information in the radiographs and enables a more precise characterization of 
defects in fuel rod weid with quantitative parameters. 
Let us note that our method for a radiograph enhancement has been built 
by using models of the X-rays and materials interaction and a calibration of the 
acquisition system. 
The radiographic image formation model is now being improved by taking 
into account more precisely each eiement of the acquisition system (noise, 
convector screen response, X-ray source, ... ). For example, the hypothesis that the 
incident flux is stationary (see "Beam hardening correction" section) can be 
removed leading to more precise result. 
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